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INTRODUCTION 
The mechanisms by which bacteria form and secrete extracellular 
enzymes have aroused considerable interest over the years. Studies with 
intact bacterial cells, however, have not met with a great deal of success 
in elucidating details of these processes (Lampen, 1965). 
A novel approach to the overall problem was taken by a number of 
investigators (Hammel and Zimmerman, 1966; May and Elliot, 1968; Nomura, 
Hosoda, and Yashikawa, 1958; Sargent, Ghosh, and Lampen, 1968). These 
workers attempted to gain an understanding of the mechanics of extracellular 
enzyme elaboration by comparing enzyme production by whole cells with 
enzyme production by spheroplasts and protoplasts -- cells that are devoid 
of most or all of their cell wall material. But in studies concerning the 
secretion of ot-amylase by Bacillus spp., either the protoplasts were 
unstable and lysed or very little amylase was produced (May and Elliot, 
1968; May and Elliot, 1969; Nomura, Maruo, and Akabori, 1956). 
I was intrigued by the fact that amylase production by Bacillus sub-
tilis seemed to be cell wall-dependent. If this was indeed the case, why 
not go one step further? Why not make L-forms of jB. subtilis and determine 
if these wall-less cells, which would be dividing (as opposed to a non-
dividing protoplast), could produce amylase? My goal was to isolate stable 
L-forms of B^. subtilis to; (1) determine their amylase-forming potential 
under a variety of conditions, and (2) compare the L-form amylase, if any 
was produced, with that secreted by the normal bacillary forms. 
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LITERATURE SURVEY 
Under appropriate environmental conditions, many bacterial species can 
exist in several distinct morphological forms. The morphological forms 
are dependent upon the amount and type (if any) of cell wall surrounding 
the bacterial plasma membrane and the physical environment of the cell 
(Dienes and Weinberger, 1951; McQuillen, 1956). The vailed form can, by 
cell wall removal, be converted to a membrane-bound protoplast (Weibull, 
1953) or, if any nonrigid wall layers remain, to a spheroplast (Brenner 
et al., 1958). 
Protoplasts and L-Forms 
Protoplasts 
The true protoplast (Brenner e;t al., 1958) is the spherical, plastic, 
osmotically sensitive membrane bound portion of the bacterial cell remain­
ing after complete removal of all cell wall material from the bacterium. 
Such bodies are often readily obtained from Gram-positive bacteria by using 
one of several techniques. Lysozyme can be used to dissolve the wall 
mucopeptide by breaking the glycosidic linkages between the N-acetyl 
muramic acid and N-acetylglucosamine moieties of the peptidoglycan poly­
saccharide backbone (Salton and Ghuysen, 1960). Penicillin can be used to 
obtain protoplasts because it inhibits the final step in peptidoglycan 
biosynthesis, the polypeptide bridge (Izaki, Matsuhashi, and Strominget, 
1966). 
Protoplasts are able to perform all normal processes which are not 
dependent on the missing wall components. Thus protein synthesis (Landman 
and Spiegelman, 1955; Lederberg, 1956; McQuillen, 1955a,b)—including that 
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of episomes (Kawakami and Landman, 1966) and lysogenic phages (Salton and 
McQuillen, 1955)—and multiplication of (but not protoplast infection by) 
bacteriophages (Brenner and Stent, 1955; Lederberg and St. Clair, 1958) are 
some of the capabilities retained by these forms. 
Removal of the cell wall results, under normal conditions, in the loss 
of a number of features: (1) mesosomes, (2) the ability to septate in nor­
mal fashion, (3) the ability to reinstate cell wall polymerization, if the 
removal is complete, (4) osmotic stability, and (5) whatever nonspherical 
shape the walled organism might have possessed (Fitz-James, 1964; Landman 
and Halle, 1963; Ryter and Landman, 1964; Weibull, 1953). 
L forms 
L forms used to be defined as, "The growth-form which can arise spon­
taneously or by stimulation and which is characterized by a colony of 
special appearance showing a dense center and lighter periphery on media 
not containing stimulating substances. The micro-organisms composing this 
L form must not assume the morphology of the parent culture" (Basserman 
et al., 1957). Better understanding of the origin and development of L 
forms made it possible to define the bacterial elements which constitute an 
L colony rather than the L colony as a whole. Thus, we can consider that L 
forms are highly pleomorphic, osmotically sensitive division products of 
protoplasts or spheroplasts (Freimer, Krause, and McCarty, 1959; Landman, 
Altenberg, and Ginoza, 1958; Lederberg and St. Clair, 1958). 
In 1935, Klieneberger isolated and described organisms LI and L2 
(named after the Lister Institute where they were discovered). The two 
pleuropneumonia-like organisms were found, "In association respectively 
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with Streptobacillus moniliformis and a streptococcus of guinea-pig origin 
(Klieneberger, 1935). These L forms were originally considered symbionts 
of the bacterial cultures (Klieneberger, 1935), but this view was soon 
challenged (Brown and Nunemaker, 1942; Dienes, 1939a,b) and finally 
retracted (Klieneberger-Nobel, 1949) in favor of Dienes' view that the L 
form is a structural variant of the parent bacterial cell (Dienes, 1939a). 
L forms can arise by division of protoplasts or spheroplasts which had 
been produced by the dissolution of at least the rigid component of the 
parental cell wall. Alternatively, they can result from continued growth 
of cells inhibited in their rigid cell wall biosynthesis. L forms, in the 
absence of a functioning septation mechanism, divide in appropriate solid 
media such as soft agar by a process of irregular extension into the sub­
surface agar followed by mechanical pinching off of the enlarging extension 
(Lederberg and St. Clair, 1958). 
L forms of Bacillus subtilis 
Early in the study of lysozyme-induced protoplasts of gram-positive 
bacteria, it was noted that these forms were unable to divide (Weibull, 
1953) even under conditions which permitted other biological activities. 
Landman and Halle (1963) prepared lysozyme protoplasts of B. subtilis 168 
and provided these protoplasts with the proper hypertonic soft-agar medium. 
These bodies gave rise to L colonies by the substitute agar division mech­
anism. The soft agar seems to serve as an artificial division substratum 
by allowing the protoplasm to ooze between and subdivide itself among the 
agar fibers. L forms prepared in this manner had no cell wall that could 
be observed under the electron microscope (Ryter and Landman, 1964). 
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Burraeister and Hesseltine (1968) obtained L forms of B^. subtilis 
(later identified as pumilis by Lovett and Young (1969)) which would 
grow in liquid medium. Burmeister and Hesseltine (1958) found that 
pumilis would undergo a transition from a rod to an L form in a medium sup­
plemented with a 1.2 M NaCl plus penicillin. Young, Haywood, and Pollock 
(1970) treated B^. subtilis with nitrosoguanidine. The surviving cells were 
made into protoplasts and grown as L forms. Some of the L forms could be 
adapted to grow in liquid culture containing 1.2 M NaCl plus penicillin. 
After two months of serial passage, the penicillin could be omitted and the 
L forms grown in shake flasks without penicillin. 
In studying the effect of cell wall removal on gene activity. Bond 
(1969) isolated L forms of ]B. subtilis 168 that divided in broth. These 
mutants were interesting because they could be held in the L state or 
reverted to the bacillary state at will. To grow in the L state, the 
mutant must be grown in media containing 3% NaCl supplemented with 1,000 
U/ml penicillin. As soon as the penicillin in the media is depleted, the L 
forms revert to the bacillary state. 
Secretion of Extracellular Enzymes 
Within the last few years, there have been many studies concerning the 
secretion of extracellular enzymes (Lampen, 1965). Rather than reviewing 
all the work that has been done on microbial enzyme secretion, the review 
will concentrate on the extracellular enzymes penicillinase and -amylase. 
Penicillinase 
The phenomenon in which certain bacterial enzymes are released from 
apparently undamaged cells of a growing bacterial culture has been the sub­
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ject of some interesting studies. Probably one of the most studied systems 
is the secretion of penicillinase from cells of Bacillus lichenlformis. 
Penicillinase, like d-amylase, is designated an extracellular enzyme ; that 
is, these enzymes exist in the medium around the cells and are not detect­
able within the cytoplasm of the cells. An extracellular enzyme is further 
defined as having originated from the cell without any alteration of the 
cell structure other than normal growth and reproduction (Pollock, 1963). 
Pollock (1961b) was able to demonstrate that part of the penicillinase 
synthesized by B^. subtilis (later named B^. licheniformis (Lampen, 1965)) 
passed through a cell-bound state before release. Sargent, Ghosh, and 
Lampen (1969) showed that only about 25% of the penicillinase secreted at 
any one time during active synthesis was derived from a cell-bound inter­
mediate. The remainder was released by a process coupled to synthesis. 
Pollock (1961a) showed that penicillinase was liberated from 
B. licheniformis without any apparent lysis of the cells. In another study, 
she also showed that 85% of the penicillinase was attached to the cell mem­
brane. Lampen presented evidence (Lampen, 1967) that the cell-bound peni­
cillinase of B. licheniformis strain 749/C was covalently linked to the 
exterior of the cell membrane by the peptide chain that could be cleaved by 
trypsin. This material appeared to be the precursor of the natural exopen-
icillinase. 
Ghosh, Sargent, and Lampen (1968) showed that, in response to a peni­
cillinase inducer, B. licheniformis synthesized an elaborate mesosome-like 
structure that was believed to be the secretion apparatus. When protoplasts 
of Induced 749 and 749/C were prepared, vesicles and tubules similar to 
those seen in thin sections of whole cells were liberated from the proto-
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plascs. Growing protoplasts of induced 749 possessed massive convolutions 
of the cell membrane, multiple layers of membrane, and characteristic long, 
slender tubules extending from the protoplast surface. These phenomena 
were not observed in uninduced 749 protoplasts (Ghosh ejt aJL., 1968). 
Ghosh et al. (1968) determined that the molecular weight of exopeni-
cillinase was 24,000. They also showed that protoplasts from which peri-
plasmic vesicles had been removed still secreted exopenicillinase. They 
concluded that the mesosomes were not absolutely necessary for the secre­
tion of penicillinase. 
Sargent and Lampen (1970) visualized a membrane growing point at which 
penicillinase and other membrane components were inserted into the membrane. 
In view of the absence of soluble internal penicillinase and the sensitivity 
of penicillinase secretion to chloramphenical, it appeared that the growing 
point and the polysomes synthesizing penicillinase were in close proximity. 
In a recent paper, Bettinger and Lampen (1971) presented evidence that, in 
protoplasts of B^. licheniformis 749/C, the penicillinase molecule was 
extruded from the polysomes into the membrane in an incompletely folded 
form. They envisaged the newly-inserted form of penicillinase as an 
extended configuration with surface hydrophobic sites that rendered the 
molecule capable of entering the membrane. Once in the membrane, the 
essential secretion step involved a conformational change that internally 
masked hydrophobic groups which rendered the penicillinase molecule hydro­
phobic and thus stable in the exterior aqueous media. 
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oc-amylase 
The B. subtilis «L-amylase molecule is a zinc raetaloenzyme of molecu­
lar weight 96,000. It contains no disulfide sulphydryl groups, therefore, 
possesses no disulfide bridges (Robyt and Whelan, 1968). The enzyme was 
thought to be a dimer that consisted of two monomers, each of a molecular 
weight of 48,000. Robyt and Ackerman (personal commun.) recently found, 
however, that B^. amyloliquifaciens cC-amylase possessing molecular weights 
of 72,000, 48,000, and 24,000. The 48,000 dimer and 24,000 monomer were 
susceptible to proteinase produced by B^. amyloliquifaciens, but the 96,000 
tetramer was resistant to the proteinase. 
B. subtilis CC-amylase apparently is synthesized novo in the cell 
(Coleman and Elliot, 1962; Kinoshita, Okada, and Terui, 1968); inhibition 
of protein synthesis resulted in immediate cessation of amylase synthesis. 
The site of synthesis seemed to be associated with the cell membrane 
(Fukumoto, Yamamoto, and Tsuru, 1957) because cell lysates were almost 
devoid of amylase activity. 
The question of release of amylase from the cell is inadequately 
understood. Nomura, Maruo, and Akabori (1956) found that amylase produc­
tion occurred optimally in old cells which were very susceptible to lysis. 
However, lysis per se was not necessary for the production of amylase 
because amylase production continued in cells that were stabilized by the 
addition of polyethylene glycol or starch. Nomura, Hosoda, and Yoshikawa 
(1958) reported that protoplasts of B. subtilis made a small amount of amyl­
ase. A thorough study by May and Elliot (1968) revealed that protoplasts 
of B^. subtilis would not form extracellular enzymes, including a-amylase. 
These same workers (May and Elliot, 1969) also discovered that culture 
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supernatant^ contained a heat-stable factor that rapidly lysed protoplasts; 
the time of production of the factor correlated with the time of extracel­
lular enzyme production. 
Further studies on the "bursting factor" of amvloliquifaciens (May 
and Elliot, 1970) showed that it was a peptide-lipid complex that was simi­
lar in nature to the "surfaction" isolated from B. subtilis supernatants by 
Arima et (1968). It was tempting to postulate that the "bursting fac­
tor" may facilitate the passage of extracellular peptides through the 
hydrophobic membrane. Such a proposal was made unlikely by the isolation 
of a mutant of B^. amy loi iquifac iens which secreted normal levels of extra­
cellular enzymes yet produced less than 8% of the normal level of "bursting 
factor". 
Oishi, Takahashi, and Maruo (1963) reported that small amounts of 
intracellular amylase, which were found in frozen cells, were rapidly 
released when the cells were warmed. These results were interpreted to 
mean that the anylase was completely synthesized within the cells and 
irreversibly released when the cells were warmed. May and Elliot (1969) 
hypothesized that extracellular enzymes were secreted as nacent polypeptide 
chains directly from the cell membrane and assumed their tertiary structure 
after they reached the culture supernatant. This hypothesis was proposed 
to explain the inability by most workers to detect any intracellular amyl­
ase. 
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MATERIALS AND METHODS 
Organisms 
Bacillus subtilis 168 try- was obtained from H. L. Trenk. This strain 
was initially used to make protoplasts and L forms and in the mutagenesis 
experiments when attempting to isolate diaminopimelic acid mutants. B. sub­
tilis K D-glu" was obtained from Dr. H. Mamose. TWo mutants of B. subtilis 
168 try-, L9 and LQ, were kindly supplied by Dr. E. Bond. These strains, 
L9 and LQ, when grown in the L state, are able to divide in broth media. 
All strains of subtilis 168 were kept on Shaeffer's sporulation 
medium. B. subtilis K had to be kept viable by biweekly transfer on a syn­
thetic medium (H. Mamose, 1961). The culture was stored at room temperature 
after 48 hour growth at 37 C. 
Media 
All media and other solutions, unless otherwise indicated, were ster­
ilized in the autoclave for 15 minutes at 121 C. 
Sporulation medium 
Shaeffer's sporulation medium was prepared according to Yoshikawa 
(1965). The composition of the medium is (per liter): nutrient broth, 
8 gm; MgSO^.THgO, 0.25 gm; KCl, 1.0 gm; MhClg.AHgO, 0.0012 gm; FeSO^.THgO, 
0.0028 gm; Ca(N02)0.0016 gm; and agar, 15 gm. 
Synthetic medium for Bacillus subtilis 168 
The basic synthetic medium used for growth of B^. subtilis 168 was that 
of Spizizen (1958). The composition of this medium is (per liter); KgHPO^^, 
14 gm; KHgPO^, 6 gm; (NH^^gSO^, 2 gm; Na^-citrate, 1 gm; MgSO^.THgO, 0.2 gm; 
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glucose, 5 gm; and agar, 15 gm. The salts were prepared as a lOx solution 
and added aseptically after autoclaving; the glucose vas prepared as a 50x 
solution and vas also added after autoclaving. Required amino acids were 
sterilized in the autoclave and added to a final concentration of 20 ug/ml. 
Synthetic medium used for the growth of Bacillus subtilis K 
The synthetic medium used for the growth of subtilis K was that of 
Mamose (1961). The composition of this medium is (per liter): NH^Cl, 
5 gm; NagSO^, 2 gm; NgSO^.YHgO, 0.1 gm; K^HPO^, 3 gm; KH^PO^, 1 gm; 
CaCl2.2H20, 1 mg; glucose, 5 gm; and agar. As with Spizizen's medium, the 
glucose, salts, and amino acids were added after autoclaving. Also, a 200x 
solution of MgSO^ was made up separately and added after autoclaving. 
SL-1 and SL-2 
These two media (Landman and Halle, 1963) were used to grow cells for 
protoplasting. Both media contained the following ingredients per liter: 
KgHPO^, 14 gm; KH^PO^, 6 gm; (NH^)2S0^, 2 gm; Na^-citrate, 1 gm; MgSO^.THgO, 
0.2 gm; and glucose, 5 gm. SL-1 contained, in addition (per liter): 
L-tryptophan, 0.05 gm and acid-hydrolysed casein, 0.2 gm. SL-2 contained, 
in addition (per liter): L-tryptophan, 0.005 gm; acid-hydrolysed casein, 
0.1 gm; MgSO^.THgO, 2.46 gm; EDTA, 0.336 gm; and sucrose, 171 gm. The glu­
cose and stock solutions of required amino acids were autoclaved separately 
and added after cooling. 
SD medium 
SD medium (Landman and Halle, 1963) is a solid plating medium used for 
the growth of L forms. Noble agar (Difco), 7.5 gm; 10% NH^NO^, 10 ml; and 
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deionized water, 530 ml were heated together until the agar was completely 
dissolved. The mixture was autoclaved and then was cooled to 50 C in a 
water bath. To this solution, the following sterile ingredients were added 
sequentially, asceptically, and with gentle swirling after each addition: 
(a) a prewarmed (50 C) mixture containing 250 ml of 2.0 M sodium succinate, 
pH 7.1, and 100 ml of a solution containing 3.5% KgHPO^ and 1.5% KH^PO^; 
(b) 2.0 ml of 1.0% L-tryptophan; (c) 12 ml of 5% D-methione; (d) 2.0 ml of 
2.5 M MgClgi (e) 5 ml of horse serum; and (f) 100 ml of 2.0% glucose. 
Thick plates were poured and allowed to solidify; then the plates were 
inverted, stored at room temperature, and used when three to five days old. 
TBNP agar 
TBNP agar based on the media used by Bond (1969) was used for the 
growth of L forms derived from B^. sub til is strains L9 and LQ. TBNP con­
tains (per liter): Trypticase soy broth, 40 gm; NaCl, 30 gm; agar, 10 gm; 
bovine serum albumin, 8 gm; and penicillin, 1 x 10^ Units. Bovine serum 
albumin and penicillin were added to the other ingredients that had been 
sterilized in the autoclave and cooled to 50 C. 
BBNP broth 
BBNP is a liquid medium used to initially grow broth-dividing L forms 
(Bond, 1969). This medium contains (per liter): NaCl, 30 gm; Brucella 
broth (Albimi Laboratories), 28 gm; bovine serum albumin, 8 gm; and 1 x 10^ 
Units penicillin. The penicillin and the bovine albumin were added to the 
other ingredients that had been sterilized in the autoclave and cooled to 
50 C. 
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T medium 
T medium, used for growth of nonreverting L forms, was based on a 
medium developed by Burmeister and Hessaltine (1968). T medium contains 
(per liter): Tryptone, 3 gm; KH^PO^, 1.0 gm; KgHPO^, 3 gm; NaCl, 70 gm 
(after substantial growth of L forms had been established, the NaCl concen­
tration was reduced to 30 gm/liter); soluble starch (Merck), 3 gm; and pen­
icillin, 2 X 10^ Units. The penicillin was added separately after the 
medium was autoclaved and cooled to 50 C. When a solid medium was needed, 
10 gm of agar was added per liter. 
Isolation of Cell Wall Mutants 
For the isolation of diaminopimelic (DAP) acid mutants, J8. subtilis 
168 try- was used. The cells were grown in synthetic broth to exponential 
growth phase. The cells were pelleted by centrifugation and washed once 
with and then resuspended in 10 ml of citrate buffer (Na^-citrate, 
8.5 gm/rol, adjusted to pH 5.0 with concentrated HCl) containing 50 to 
100 ug/ml N-methyl-N'-nitro-N-nitrosoguanidine (NG). The cell suspension 
was shaken for one hour at 37 C. The cells were then removed by centrifu­
gation, washed, and resuspended in synthetic broth containing 50 ug/ml DAP. 
The cells were then shaken for two hours at 37 C, and several dilutions 
were plated onto synthetic medium plus DAP. After 48 hours, the colonies 
on the plates of the most appropriate dilution were replicated to synthetic 
medium that contained no DAP. 
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Enzyme Assays 
Gelatlnase 
To determine the production of gelatlnase by L forms, 0.4% gelatin 
(Difco) was incorporated into T agar. Gelatin hydrolysis was detected by 
flooding the plate with a solution containing 15% HgCl^ and 20% HCl. 
Gelatlnase production was indicated by a clear zone around the area of 
growth. Gelatlnase production in broth was shown by using a disc plate 
method using the same gelatin agar as assay medium. 
Amylase 
The method of Stark £t al. (1953) was used for paper disc tests on 
starch agar. The assay medium contained 0.02 N potassium phosphate buffer, 
pH 6.8; 0.2% soluble starch (Merck); and 1.0% agar (Difco). The assay 
medium was autoclaved at 121 C for 15 minutes and cooled to 50 C. Exactly 
20 ml were placed in each sterile petri plate. Each filter paper disc 
(12.7 mm diameter—Schleicher and Schuell Co., Keene, N.H.) was touched to 
the sample by its edge until it was saturated and then placed on the starch 
agar. After 16 hours incubation at 42 C, the discs were removed. The 
starch agar plate was flooded with an aqueous iodine solution (3.0% KI and 
0.3% Ig), and the excess iodine solution was poured off. The diameters of 
the colorless zones of hydrolysis were measured. Three discs per sample 
were measured and the average recorded. 
The method of Robyt and Whelan (1968), which uses the colorimetric 
Nelson copper reagents (Nelson, 1944), was used for reducing sugar assays. 
Soluble starch (Merck) was used as the substrate. A sufficient quantity of 
soluble starch was weighed out so Chat the final concentration in solution 
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was 1.0%. A cold buffer slurry of the starch was added to boiling 0.02 M 
potassium phosphate buffer at pH 6i8. After cooling, the solution was 
diluted until the final concentrations were 0.02 M potassium phosphate and 
1.0% starch at pH 6.8. A standard solution of maltose was prepared by dis­
solving 10 mg of maltose in 100 mis of PO^ buffer (pH 6.8). Suitable dilu­
tions of this standard were made and assayed to prepare a standard curve. 
Folin-Wu blood sugar tubes were used. Hydrolysis of the starch was allowed 
to proceed for 20 minutes at 37 C; then 1.0 ml of the digest was added to 
1.0 ml of alkaline copper reagent to stop the reaction. A Bausch and Lomb 
Spectronic 20 Colorimeter was used at a wavelength of 485 nm to measure 
color development. 
One amylase unit (U) was defined for these studies as a micromole of 
bonds broken per minute per ml of digest. 
e.g., if 0.1 mg maltose is produced/ml/lO min 
= 10.0 ug maltose/ml/min 
- 10»0 UR maltose/ml/min 
342.0 Ug maltose/micromole 
= 0.0292 micromole/ml/min 
0.0292 U/ml 
= 29.2 mU/ml 
To convert zone size of hydrolysis to anylase units, 1:2, 1:5, and 
1:10 dilutions of an amylase solution with known activity was prepared. 
These dilutions were assayed by the disc-plate method. A standard curve 
was prepared by plotting Units of amylase vs log^^ of the zone diameters. 
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g-giveosidase 
The procedure of Pollock (196ia) was used to assay for the presence of 
OL-glucosldase. 1 ml of solution to be assayed was mixed with 3.5 ml of 
0.02 M potassium phosphate buffer (pH 6.8). The solution was placed into 
two cuvettes, and 0.5 ml of a 1.0 mg/ml solution of p-nitrophenol-Ct-D-
glucoside (Sigma) was added to one cuvette. The optical density was set to 
0 at 420 nm, and the cuvettes were incubated for one hour at 35 C before 
final readings were taken. A standard curve for the liberation of p-nitro­
phenol was made by preparing a 100 umole/ml solution and making the proper 
dilutions. Units of ot^-glucosidase activity were calculated like those for 
amylase units. 
Estimation of Protein 
Protein determinations were made by the biuret method. Crystalline 
bovine serum albumin (Pentex Inc., Kankakee, 111.) was used as a standard. 
Thin-layer Chromatography 
The malto-oligosaccharides produced from starch by the ((-amylase of 
subtilis 168 LQ and its stable L form were determined by using thin-
layer chromatography (TLC). A modification (H. Trenk, personal communica­
tion) of the procedure of Weill and Hanke (1962) was used. Glass TLC 
plates (20 cm x 20 cm) were coated to a final thickness of 250 u with a 
slurry of 5.4 gm Kieselguhr G (Brinkmann) in 11 ml of water. The plates 
were air dried and were activated prior to use by heating at 105 C for 30 
minutes in a forced air oven. Starch (Merck, 5 ml of a 1 percent PO^ 
buffer (pH 6.8) solution) plus 1 ml of culture supernatant were incubated 
for various times. Before spotting the samples, they were desalted by 
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mixing 1 ml of the digest with 0.5 gm of Amberlite MB-3 for 30 minutes at 
room temperature. The reaction mixtures were spotted on a TLC plate with 
a 10 ul syringe (Hamilton Co., Whittier, Calif.). A malto-oligosaccharide 
mixture, supplied by Dr. John Robyt, was also spotted. The plate was 
developed in a chromatography chamber (Brinkmann Instruments, Inc., 
Westbury, N.Y.) using a solvent containing butanol, ethanol, and water 
(50:30:20, v;v:v); the solvent front was allowed to rise at least 14 cm. 
The plate was removed from the chromatography chamber and allowed to dry in 
a horizontal position. To define the locations of malto-oligosaccharides, 
the plates were sprayed with an indicator (95% ethanol, 18 ml; conc HgSO^, 
1 ml; p-anisaldehyde, 1 ml; and glacial acetic acid, 0.3 ml) and heated in 
a forced air oven at 105 C for 25 minutes. 
Preparation of Intracellular Lysates 
Intracellular lysate of Bac^^s s^til^ LQ 
To prepare cell lysates of bacillary cells, a spore preparation was 
used to inoculate fernback flasks containing 1000 ml of nutrient broth plus 
0.3% soluble starch (Merck). The cells were shaken at 37 C until harvested. 
The cells were removed by centrifugation at 8,000 x g in an RC-2B refrig­
erated centrifuge. The pellet was washed three times with cold (4 C) 
potassium phosphate buffer (0.02 M, pH 6.8). The cell slurry was mixed 
with twice its volume of glass beads (Sigma, 45-90 microns) then was 
treated with a Bronwill Biosonik II ultrasonic generator (Bronwill Scien­
tific, Rochester, N.Y.) using a standard probe for six minutes at 20,000 ops 
(maximum output). The suspension was immersed in an ice bath during sonni-
cation to keep the temperature near 0 C. After the glass beads were 
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removed by centrifugation, the cell lysate was centrifuged at 49,000 x g 
for 15 minutes to remove cellular debris. The lysate was immediately 
frozen (-14 C) in 3-ml aliquots. 
Intracellular lysate of Bacillus subtilis L forms 
Cell lysates of L forms were prepared in the same manner as bacillus 
lysates except the L forms were washed with 0.02 M potassium phosphate buf­
fer (pH 6.8) containing 3.0% NaCl to minimize lysis of the L forms during 
washing. 
Production of Protoplasts 
Protoplasts of B^. subtilis 168 try- and B^. subtilis LQ (Landman and 
Halle, 1963) were prepared in identical manners. Cells from an overnight 
blood agar base plate (Difco) were suspended into SL-1 broth. The cells 
were shaken at 37 C on a wrist-action shaker until the cells were well into 
exponential growth. This usually took four hours. A 1 to 5 dilution was 
made into SL-2 broth, and the cells were shaken for an additional 90 min- • 
utes at 37 C. At this time, the cells were centrifuged and resuspended in 
g 
SL-2 broth to a density of 5 x 10 cells/ml (optical density 0.3 at 540 nm 
in the Spectronic 20). Protoplasting was carried out for 90 minutes in a 
30 C waterbath using 300 ug/ml lysozyme (Sigma). 
To prepare protoplasts of B. subtilis K D-glu-, the cells were grown 
in synthetic broth that contained 50 ug/ml D-glutamic acid (Sigma). The 
cells were shaken on a wrist-action shaker at 37 C. When the cells were in 
exponential growth, as determined by monitering the O.D., they were removed 
by centrifugation and were resuspended in synthetic broth plus 0.5 M 
sucrose which was devoid of D-glutamic acid. Lysozyme (Sigma) was added to 
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a final concentration of 300 ug/ml, and the cells were incubated at 32 C 
for 90 minutes. 
Production of L Forms 
To prepare L forms of subtilis 168 try-, protoplasts were plated 
onto SD.medium. The plates were incubated at 30 C until L colony formation 
appeared (Landman and Halle, 1963). 
To prepare L forms of jB. subtilis LQ, protoplasts were plated onto 
TBNP agar and incubated at 30 C. To transfer the L colonies to broth, a 
piece of TBNP agar containing L-colonies was excised and placed into a 
250-ml flask containing 100 ml of BBNP broth. The broth culture was incu­
bated at 30 C without shaking for three to five days. 
Nonreverting, broth-dividing L forms were obtained by placing TBNP 
agar blocks containing L colonies into 16 x 125 mm screw cap tubes. Each 
tube contained 10 ml of T broth plus 2,000 Units/ml penicillin. After one 
to two weeks of incubation at 30 C, some of the L colonies grew into the 
broth. 
Production of Amylase 
Production of amylase by Bacillus subtilis LQ 
Spores of B^. subtilis LQ were used to inoculate Fernbach flasks con­
taining 1000 ml of nutrient starch broth (0.3% soluble starch). The cul­
tures were grown to stationary phase on a rotary shaker at 37 C, which 
usually required 16 hours. The cells were removed by centrifugation at 
8,000 X g. The amylase was concentrated by passing the broth through a 
Diaflo ultrafiltration cell (Model 401 Amicon Corp., Lexington, Mass.) con­
taining a PM 10 ultrafilter (10,000 molecular weight cut off). The ultra-
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filtration cell was connected to a 2.75 liter reservoir. When the volume 
of broth had decreased to about 20 ml, the enzyme solution was washed with 
-4 two liters of potassium phosphate buffer (0.02 M, pH 6.8) which was 10 M 
in zinc and calcium ions. The washed enzyme solution was reduced to about 
a 25-ral volume, filter-sterilized through a 0.22 micron pore size Millipore 
filter, and stored at 4 C. 
Production of amylase by L forms of Bacillus subtilis LQ 
L forms were used to inoculate Fernbach flasks containing 500 ml of T 
broth. The cells were allowed to grow for six to ten days at 37 C. To 
remove the L cells from the broth, the cultures were centrifuged at 
25,000 X g for ten minutes. The enzyme from the L forms was concentrated 
in a similar manner as the enzyme from normal bacilli except a PM 30 
(30,000 molecular weight cut off) ultrafiltration membrane was used. 
Molecular Weight Determinations 
Molecular weight determinations were made in a Sephadex (Pharmacia 
Fine Chemicals Inc., Piscataway, N.J.) 2.5 x 45 cm column packed with 
Sephadex G-100. Prior to packing, the gel was swollen for one week at 4 C 
in 0.02 M potassium phosphate buffer (pH 6.8). The column was standardized 
with the following protein markers: Aspergillus oryzae «.-amylase (Sigma), 
molecular weight 104,000; Bacillus amyloliquifaciens oc-amylase tetramer, 
molecular weight 96,000; and B. amyloliquifaciens <%-amylase dimer, molec­
ular weight 48,000. The B^. amyloliquifaciens amylase tetramer and dimer 
preparations were kindly supplied by Dr. J. Robyt. Sample size was 5 mg/ml 
protein dissolved in 1 ml of potassium phosphate buffer (pH 6.8). One-half 
molar sucrose was added to the sample to increase its specific gravity. 
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The flow rate of the column was 18 ml/hour. The samples were collected in 
4-ml volumes on an LKB 3400-B fraction collector (LKB Instruments, 
Rockville, Md.) monitored with an LKB 3427-A drop counter. Amylase activ­
ity of the fractions was determined by using the disc plate method. 
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RESULTS 
Growth of Bacillus subtilis L Forms 
Using the procedure of Landman and Halle (1963), 80 to 90% of B. sub­
tilis 168 bacillary cells could be converted to L forms. These L forms 
were grown on SD medium in which we substituted 0.2% starch for glucose. 
The L forms grew well on this modified medium, and the presence of starch 
in the agar made it possible to detect amylase production by the L forms 
when the plates were flooded with an aqueous iodine solution. Using this 
procedure, faint zones of starch hydrolysis were detected around the colo­
nies after six to eight days of incubation at 30 C. The fact that the col­
onies were quite small and the SD agar very viscous probably contributed to 
the faintness of zones. On tue basis of these preliminary results, it was 
impossible to conclude that amylase was produced by cells of B. subtilis 
that were completely devoid of their cell walls. The L forms of B. sub­
tilis 168 revert sporadically to the parent bacillus. Thus, we were unsure 
whether the L forms actually produced the amylase that was observed or the 
amylase was produced by cells that were in the process of reverting back to 
the bacillus form. 
L colonies from SD agar were transferred to SD broth in hopes of train­
ing L forms to divide in the broth medium. This transfer to broth was 
always followed by reversion of all the L forms to the parent bacillus. 
From these preliminary experiments, it became evident that if this 
line of research was to continue, L forms must be used which possess two 
characteristics: (1) They must not revert; that is, the L form must be 
absolutely stable in the L state, (2) These stable L forms must be able to 
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grow and divide in liquid medium. L forms that divided in broth would 
greatly facilitate the collection and comparison of L form amylase with the 
amylase produced by bacillary cells of B^. subtilis. 
Isolation of Cell Wall Mutants of Bacillus subtilis 
The L forms of B. subtilis thus far produced by various investigators 
have been unstable and revert at high frequencies to the bacillary form. 
Consequently, we tried to isolate a cell wall mutant of subtilis with 
the idea of producing a nutritionally-induced L form. Such a mutant has 
been isolated in Escherichia coli; Davis (1952) isolated a DAP-dependent 
mutant of E. coli that had an absolute requirement for DAP and a partial 
requirement for lysine. McQuillen (1957) showed that when this mutant was 
grown in an osmotically-buffered medium in the absence of DAP, the cells 
outgrew their walls and formed protoplasts. Evidently no attempts were 
made to induce these nutritionally-formed protoplasts to grow as L forms. 
Figure 1 represents the mucopeptide of B^. subtilis (Rogers, 1970). 
Three of the amino acids that constitute the mucopeptide of iB. subtilis. 
D-alanine, D-glutamic acid, and diaminopimelic acid are only found in the 
walls of the bacilli and not in the cytoplasm. I attempted to isolate a 
mutant strain of ]B. subtilis which could not synthesize DAP. This mutant 
was to be used to induce a nutritionally-derived L form of E[. subtilis. 
Some 45 mutants of B^. subtilis that had a requirement for lysine were iso­
lated, but none of these mutants would grow on DAP in the absence of lysine. 
Eight mutants were isolated that initially required DAP, but they were all 
quite unstable and reverted with a high frequency. The selection procedure 
was later modified by adding 20 ug/ml each of methionine and threonine 
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S.* subtilis mucopeptide 
N-acetyl-glucosamine = = N-A-Glu 
N-acetyl-muramic acid = N-A-Mu 
L-alanine = L-Ala 
D-glutamic acid = D-Glu 
meso-diaroinopimelic acid = meso-DAP 
D-alanine = D-Ala 
N~A~Glu~~N-A~Mu~-N-A~Glu—N-A~Mu~-N~A-Glu~~N-A-Mu- -
L-Ala L-ALa L-Ala 
D-Glu D-Glu D-Glu 
me so DAP*..^^ me so DAP«s,_^^ me so DAP, 
"D-Ala D-Ala D-Ala 
Figure 1. Mucopeptide of Bacillus subtilis (adapted from Rogers, 1970) 
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because these two amino acids are end products to early branch points in 
the DAP-lysine pathway (Truffa-Bauchi and Cohen, 1968). The amino acids 
were added to the segregation broth after the actual mutagenesis as well as 
the master and replica plates to detect mutants that had lesions very early 
in the DAP pathway. These modifications of experimental technique did not, 
however, result in the isolation of any stable DAP mutants, and this line 
of investigation was discontinued. 
H. Mamose reported (Mamose, 1961) on the isolation of a cell wall 
mutant of B^. subtilis K that was unable to synthesize D-glutamic acid. 
When grown in the absence of D-glutamic acid, this mutant reportedly out­
grew its cell wall and lysed in a fashion similar to the jE. coli mutant of 
Davis (1952). Dr. Mamose kindly supplied a culture of his mutant for use 
on experiments on production of a nutritionally derived L form. Proto­
plasts of this mutant were prepared, and the protoplasts were plated onto 
synthetic agar containing 0.5 M sucrose and no D-glutamic acid. Unfortu­
nately, no L forms grew into the agar. We did find, however, that we 
repeatedly obtained colonies composed of cocci. When protoplasts were 
added to broth containing 0.5 M sucrose, some of the protoplasts divided in 
the broth as L forms. But after about 48 hours of Incubation at 32 C, few 
L forms could be observed, and the cell population consisted almost 
entirely of cocci of the type that were found on the agar. These cocci are 
discussed in the addendum of this thesis. The D-glutamic acid mutant 
B. subtilis K was doubly hard to work with because it had a high reversion 
frequency and constantly had to be recloned. Many times all of the proto­
plasts reverted to the bacilli which no longer needed D-glutamic acid. 
Because of the problems encountered in manipulation of the culture of 
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B. subtilis K, alternative approaches were taken in efforts to obtain a 
stable L form that could be propagated in broth. 
Broth Dividing L Forms 
Bond (1969) reported isolating a broth-dividing L form of B. subtilis 
168. These L forms were interesting in that they could be grown on agar or 
in broth as long as penicillin (1,000 U/ml) was present. When the penicil­
lin was depleted or removed from the culture, the L forms reverted to the 
bacillary form. The L forms were assayed for DAP as an indication of the 
amount of cell wall that was present; no DAP was detected (Bond, 1969). The 
sensitivity of the assay was such that if the L forms contained any DAP at 
all, it was less than 1/600 of the amount found in the normal bacillus form. 
Dr. E. Bond kindly supplied two strains of B^. subtilis 168, LQ and L9. 
L forms of strain LQ were prepared and grown on TBNP agar. When these L 
forms were transferred to BBNP broth, they grew as L forms. They would not 
grow in a shake flask, as reported by Bond (1969), but they did grow nicely 
when inoculated into a Fernbach flask containing 500 ml of BBNP broth. In 
order to isolate a stable L form, 1 followed the procedure used by Young 
et al. (1970) and was successful in isolating an L form of B. subtilis 168 
which grew in broth yet did not revert to the parent bacillus form (Fig­
ure 2). Subsequent tests showed that this L form culture would even grow 
in the absence of penicillin without reversion to the bacillus form. Old 
cultures of these L forms revert, however, to a similar type of coccus that 
was obtained from the L forms of B. subtilis K. We do not believe that 
these cocci are contaminants. This L form to coccus conversion is dis­
cussed in an addendum to this thesis. 
27 
mm 
Eg 
m 
Figure 2. A photomicrograph (970x) of a broth-dividing L form of Bacillus 
subtilis 168 LQ 
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Production of Amylase from L Forms 
Using stable L forms of B^. subtilis 168 LQ, a streak inoculum of L 
forms was made onto T agar medium containing 3% NaCl and supplemented with 
0.2% soluble starch and 2,000 U/ml penicillin. After five days of incuba­
tion at 37 C, the plate was flooded with an aqueous iodine solution. As 
shown in Figure 3, there are distinct zones of starch hydrolysis around the 
L colonies. This experiment has been repeated many times with the same 
results. When agar blocks containing some of these L colonies are removed 
from the plates for microscopic observation, the colonies producing the 
amylase are observed to be comprised entirely of L forms (Figure 4); grow­
ing L forms on T agar supplemented with 0.4% gelatin instead of starch, 
gelatinase production by the L forms also can be demonstrated (Figure 5). 
To be reasonably confident that the L forms being used in this 
research were JB. subtilis 168 LQ, agar plates of synthetic medium (Spizizen, 
1958) supplemented with 3% NaCl and 2,000 U/ml penicillin were prepared. 
The bacillary form of B. subtilis 168 LQ has a sole requirement for 
L-tryptophan on the synthetic medium. The L forms would not grow on this 
synthetic medium unless L-tryptophan was present. 
Production of Amylase from Bacillus 
and L Form Cultures 
Pollock (1961a) showed that ct-glucosidase, an intracellular enzyme, 
was a reliable and sensitive marker for detecting cellular lysis. There­
fore, by determining both <t-glucosidase and oc-amylasa activities of cells 
and culture filtrates, an indication should be gained of the extent of cell 
lysis that is associated with elaboration of amylase. Several Fernback 
flasks containing nutrient starch broth were inoculated with 2 mis of a 
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Figure 3. L forms of B. subtilis LQ grown on T agar containing 3% NaCl, 
0.2% starch, and supplemented with 2,000 U/ml penicillin. The 
plate was incubated for five days at 37 C and then was flooded 
with an aqueous iodine solution. The clear zone indicates 
starch hydrolysis 
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Figure 4. A photomicrograph (970x) of the edge of an L colony excised from 
the plate in figure 2. The irregular-sized cells are typical of 
L-cells 
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Figure 5. An L form growing on T agar supplemented with 0.4% gelatin. The 
plate was flooded with a HgClg.HCl solution; clear zones around 
the L form colonies indicate gelatinase production 
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B. subtilis 168 LQ spore suspension. At chosen times during the 13 hour 
growth cycle, a flask was removed from the Incubator and the cells removed 
by centrlfugatlon. The cells were washed twice, lysed, and the intracel­
lular lysates frozen for future assay. A sample of the cell broth was also 
frozen at the same time. By monitoring one of the flasks for optical den­
sity, it was possible to correlate the frozen intracellular and extracel­
lular enzyme samples with the growth stage of the culture. Figure 6 is 
representative of the data from such a growth experiment. As shown in the 
figure, extracellular amylase production begins early in exponential growth 
and continues to early stationary phase. There was never detected any 
extracellular a-glucosidase. The data show that there was no intracel­
lular amylase detected in the cell lysates whereas dt-glucosidase was 
present in fairly high concentration. 
A similar experiment was performed with L form cultures. Several 
Fernbach flasks, each containing 500 ml of T broth supplemented with 
2,000 U/ml penicillin, were Inoculated with 5 mis of a five-day-old L form 
culture. Other experimental details were similar to those described in the 
preceding paragraph except that the Incubation period was 12 days rather 
than 13 hours. During the growth of L forms (Figure 7) there was much cel­
lular lysis as shown by the extracellular ot-glucosldase activities. In 
fact, Ot-glucosldase activity could be detected in the cell broth before 
the appearance of amylase activity. Cellular lysis was also evident by the 
amount of viscous material in the cell broth. This viscosity could only be 
reduced by the addition of DNAse; RNAse or pronase did not affect the vis­
cosity of the cell-free broth. It is also interesting to note that as 
Figure 6. Growth and production of amylase and drglucosidase by Bacillus subtilis 168 LQ in nutri­
ent broth containing 0.3% soluble starch. The O.D. values shown in the figure (O) were 
obtained by multiplying the actual O.D. readings by the dilution factor needed to bring 
the samples within the range of the spectrophotometer. Extracellular oc-glucosidase (A) 
and extracellular 4-amylase (Q) were determined on culture supernatants following 
removal of the cells by centrifugation. Three times during the growth cycle, cells were 
removed from the culture by centrifugation, lysed, and assayed for the presence of intra-
cellular <R-amylase (j%) and <C-glucosidase (A)- No intracellular amylase or extracel­
lular Grglucosidase were detected. 
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Figure 7. Growth and production of amylase and A-glucosidase by the L form of Bacillus subtilis 168 
LQ. This experiment was performed in the same manner as the experiment shown in Figure 6 
except that the L form culture was incubated for 12 days. The O.D. (Q) was monitered and 
assays were made for extracellular anylase (q), extracellular dt-glucosidase (a)» intra­
cellular amylase (#), and intracellular ct-glucosidase (A)- The low concentration of ^ 
anylase and the high concentration of reducing sugars in the L form lysate made it impos-
sible to use the reducing sugar assay, so intracellular amylase was assayed by the disc 
plate method 
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opposed to the bacillus culture, a small amount of intracellular any lase 
was detected in the L form lysates. 
Comparison of Bacillary and L Form Amylases 
The action patterns on starch of enzyme preparations obtained from 
2.* subtilis 168 and its stable L form were determined by using thin layer 
chromatography of starch degradation products. The primary end-products of 
starch hydrolysis after four hours of incubation with the concentrated 
enzyme preparations from B^. subtilis and its L form were maltose, malto-
triose, and maltotetrose (G2, G3, and 64) as shown in Figure 8. 
Samples of concentrated bacillary and L-form amylases were put through 
a Sephadex G-lOO column to determine the approximate molecular weight of 
each enzyme. Representative elution patterns for these enzymes are shown 
in Figure 9. L-form amylase was eluted from the column in a peak that 
indicated that the amylase had an apparent molecular weight of 96,000 + 
2,000. The bacillary amylase was eluted from the column in a peak that 
indicated that the amylase had an apparent molecular weight of 70,000 + 
2,000. Two experiments were performed with each enzyme preparation, both 
experiments yielded elution patterns and estimates of molecular weight that 
were similar to the data presented here. 
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Figure 8. TLC plates of digests of starch by B. subtills 168 LQ and L 
forms of B. subtilis 168 LQ amylase preparations. B. subtilis 
168 LQ amylase: B, three-hour digest; D, four-hour digest; 
F, five-hour digest. L form amylase: C, three-hour digest; 
E, four-hour digest; G, five-hour digest. A and H are standards 
gi-gi5 (10 ug). The predominant end products from action of 
bacillary and L form anylase on starch were Gg, G^, and G^ 
Figure 9. Elution pattern from a Sephadex G-lOO column of baciilary (#) and L-form amylase (•). 
Three standards that were used: Aspergillus oryzae amylase (104,000), B. amylolt-
guifaciens amylase (tetramer, 96,000), and B. amyloliguifaciens amylase (dimer, 48,000) 
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DISCUSSION 
The Initial goal of this research was to obtain stable L forms of 
B. subtllis. I hoped then to compare quantitatively and qualitatively 
under a variety of conditions, amylase production by the L forms and normal 
bacilli. Last (if the L form manufactured amylase), I wished to compare 
the amylases produced by the two morphological types to see if there were 
alterations in the enzyme that resulted because of the excretory process in 
the presence and absence of cell wall. 
A great deal of time and effort was expended in attempts to achieve 
the first goal, that of isolating stable L forms. Initial attempts, using 
the procedure of Landman and Halle (1963), resulted in substantial yields of 
L forms; however, reversion to the rod form occurred in broth as well as on 
agar. There was no way in using the system that one could be assured that 
the L form amylase that was produced was not being made by revertants. 
Since the L forms obtained by the method of Landman and Halle (1963) 
were not stable and could not be grown in broth, a concentrated effort was 
focused on isolating a stable MP mutant of B. subtilis 168. Figure 10 is 
a representation of the DAP-lysine pathway. There are seven enzymatic 
steps from aspartic semialdehyde to the formation of Meso-DÂP and one more 
step to the formation of lysine. Expecting nitrosoguanidine mutagenesis to 
be a random event, I would expect to obtain more mutants which required DAP 
and lysine than mutants which only required lysine. As reported in the 
Results section, some 45 lysine mutants were isolated whereas only eight 
DAP mutants were isolated. There was no increase in the number of DAP 
mutants isolated even when the synthetic medium was supplemented with 
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Figufe 10. T3ie-lysine anetabolic pathway. From Truffa-Bachi and Cohen 
( 19^ 8) 
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threonine and methionine. Threonine and methionine are end products from 
early branch points in the MP-lysine pathway (Figure 10). None of the 
lysine mutants Isolated could be stimulated by the addition of MP so these 
mutants were probably deficient in the Meso-DAP decarboxylase enzyme. 
Dr. 0. Landman (personal communication) suggested that exogenous DAP might 
be unable to get into the cells which, due to a mutation, cannot synthesize 
DAP. He, too, at one time tried to isolate DAP mutants from of B^. subtilis 
but was unsuccessful. During the attempts to isolate DAP mutants, a wide 
range of DAP concentrations (5 to 200 ug/ml) were tried. With such high 
concentrations, one would expect some DAP to enter the cells by diffusion. 
I do feel that exogenous DAP can enter the cells because the eight DAP 
mutants which I isolated did initially show stimulation by DAP. Of the 
wide range of DAP concentrations used in Isolating DAP mutants, no specific 
concentration resulted in isolating more DAP mutants. There is the possi­
bility that the inability to make DAP is a lethal mutation, but this is 
difficult to accept because Davis (1952) did isolate a stable DAP mutant of 
E. coli. Besides 0. Landman, R. Urs (personal communication) tried to iso­
late a DAP mutant of cereus and was also unsuccessful. The reason for 
the unsuccessful isolation of DAP mutants in E. coli but not B^. subtilis is 
not known at the present time. 
The results obtained with the D-glutamic acid mutant suggests that a 
nutritionally-induced L form can be obtained. When protoplasts were pre­
pared from a freshly cloned, D-glutamic acid mutant and placed into osmoti-
cally-buffered broth, there was some L form growth. The L forms grew for 
one or two days before they reverted to either non-D-glutamic acid requir­
ing bacilli or converted to cocci (these cocci are discussed in an addendum 
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to this thesis). This suggests that a stable DAP mutant may have been 
induced to grow as an L form, had a mutant been obtained. The D-glutamic 
acid mutant was mutagenized in hopes of creating a second mutation that 
would stabilize it in the L form stage, but I was never able to decrease 
the reversion frequency of this mutant. 
Fortunately, I was able to obtain a culture of B^. subtilis 168 LQ 
which when grown in the L state would divide in broth. The mutant L form 
which was selected never reverted to the bacillary form. When a culture of 
these L forms was allowed to get older than about 12 days, it reverted to a 
coccus form, but reversion to the coccus form seemed to be inhibited by the 
addition of more penicillin to the culture. This was not a problem in 
terms of the amylase formed by the L forms because the round forms did not 
produce any amylase (see Results in the Addendum to this thesis). One of 
the objectives of this research was to compare amylase produced from bacilli 
and wall-less bacteria. One of the valuable characteristics of the mutant 
obtained from Dr. E. Bond was that the organism when grown in the L form 
was devoid of cell wall. Dr. Bond (1969) compiled some convincing data 
showing that the broth-dividing L form from jB. subtilis 168 LQ has essen­
tially no cell wall. 
Production of amylase by jB. subtilis 168 LQ follows the same pattern 
of growth vs enzyme production as reported by Coleman (1967); that is, the 
culture produced amylase during the logarithmic phase of growth. Through­
out the growth phase, no intracellular amylase was detected, which was 
expected (Fukumoto £t ajL., 1957). Also, as expected, there was no detect­
able -glucosidase in the culture medium, indicating that cellular lysis 
was not necessary for amylase production (Nomura £t , 1959). 
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With the broth-dividing L forms, amylase production was quite different 
than it was with the bacillary form. During growth of the L forms, -glu-
cosidase was always present in the culture medium, indicating that cellular 
lysis was taking place. This was further substantiated by showing that the 
L form culture supernatant contained DNA. Lysis of the amylase-producing L 
forms was not unexpected because May and Elliot (1968, 1970) showed that 
protoplasts produced from amylase producing cells of B. subtills and 
B. amyloliquifaciens were unstable and readily lysed. They attributed this 
lysis to the production of an extracellular bursting factor which was 
secreted by the cells at the same time that extracellular enzymes were pro­
duced. 
The fact that intracellular amylase was detected in the L forms sup­
ports some views which are currently in the literature. May and Elliot 
(1968) could not obtain amylase production from protoplasts of B. subtilis. 
They suggested that this was due to the loss of the cell wall or a change 
in the cell membrane when the cell wall was removed. If this was the case, 
then one would expect that wall-less cells would either produce no amylase 
at all (as was the case reported by May and Elliot, 1968) or produce a 
little amylase which could not be secreted through the cell membrane and 
thus be retained in the cytoplasm (Oishi, Takahashi, and Maruo, 1963). The 
only way that this intracellular enzyme could escape from the cell would be 
for the cells to lyse. This seems to be what is occurring with the L forms 
used in this study. These L forms produced only low levels of amylase which 
could only be detected during the later stages of growth. I feel that the 
amylase which was detected was released from extracellular lysis and not 
from secretion through the cell membrane. I tried increasing the NaCl con­
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centration of the L form medium in an attempt to decrease the cell lysis. 
However, even at 7% NaCl, there was just as much lysis as with the normal 
37o NaCl. 
It appears that the amylase secretion process is much different than 
what is reported concerning the secretion of penicillinase from B. licheni-
formis. Ghosh £t al. (1968) showed that penicillinase secretion was asso­
ciated with membrane tubules and vessicles which they labeled the penicil­
linase "secretory apparatus." Sargent e^ (1969) reported, however, that 
he could prepare protoplasts of B. licheniformis which no longer had the 
"secretory apparatus." These protoplasts continued to produce and secrete 
penicillinase. During the production of penicillinase by protoplasts, 
there was no evidence of cellular lysis. 
The puzzling fact is that L forms grown on agar produced almost a nor­
mal amount of amylase and certainly much more than the broth grown L forms. 
It may be that the solid medium provides a rigid physical environment for 
the L forms which is necessary for the normal secretion process to function. 
Although quantitative data was not presented in the results, proteinase pro­
duction was also much greater from L forms grown on agar than those grown 
in broth. 
The molecular weight data presented show the L form amylase had a 
molecular weight of approximately 96,000 while the amylase from bacillary 
cells had a molecular weight of about 70,000. Although there are no pub­
lished reports concerning the molecular weight of B. subtilis 168 amylase, 
one might assume it would be similar to the amylase of B^. amyloliquifaciens, 
96,000. Robyt and Ackerman (personal communication) found that jB. amyloli­
quifaciens amylase was composed of four 24,000 molecular weight monomers. 
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each of which had enzymatic activity. By manipulating the ionic environ­
ment, the monomers could be induced to recombine to form the 48,000 dimer, 
the 96,000 tetramer, as well as a 72,000 molecular weight trimer. The 
trimer, however, although active was very unstable. This information is 
presented to show that the 70,000 molecular weight obtained for bacillary 
amylase is a reasonable one. 
The difference in molecular weight of bacillary and L form amylase is 
difficult to explain. A criticism of this molecular weight data is that 
crystalline enzyme preparations were not used for the column chromatography 
experiments. The migration rates of the amylase may have been altered by 
proteins or other contaminants. 
May and Elliot (1969) proposed that amylase may be secreted through 
the membrane of ]B. subtilis as a polypeptide chain which assumes its terti­
ary configuration outside the cell membrane. If May and Elliot (1969) are 
correct, one may expect to find some amylase with molecular weight of 24,000 
and 48,000 in the broth culture of L forms, if amylase subunits are indeed 
going through the cell membrane. However, this is complicated by the fact 
that the amylase subunits possessing molecular weights of 24,000 and 48,000 
are susceptible to proteinase degradation. It may be that some monomers 
and dimers were secreted through the membrane in normal fashion and degraded 
by the proteinase produced by the L forms before these monomers and dimers 
could condense to form the proteinase resistant 96,000 molecular weight 
tetramer. The amylase which was released by cell lysis could be that 
enzyme which was not secreted through the membrane and condensed to form 
the tetramer within the cytoplasm. 
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An interesting extension of this research would be to isolate a stable 
broth dividing L form of B. amyloliquifaciens. This organism produces prob­
ably ten times more amylase than does B. subtilis. A mutant of B. amyloli-
quifaciens which did not produce any extracellular proteinases would be 
useful. By converting this mutant to a stable L form, one might be able to 
accurately assay for the presence of monomers or dimers of the amylase mol­
ecule. One then could determine if intact amylase tetramer or only sub-
units thereof are secreted through the wall-less membrane of if the enzyme 
is liberated during lysis of the L forms as seems to be the case with L 
forms of B. subtilis 168. 
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SUMMARY AND CONCLUSIONS 
The goal of isolating a DAP mutant of B. subtilis in hopes of produc­
ing a nutritionally induced L form was never realized. A few DAP mutants 
were isolated, but these were highly unstable. However, results with the 
D-glutaraic mutant of B. subtilis K did indicate that a mutant of subtilis 
which cannot synthesize a vital cell wall component will grow and divide as 
an L form in osmotically buffered broth without penicillin. 
A broth dividing L form was obtained from a B. subtilis 168 mutant. 
A mutant L form was selected; this mutant L form was completely stable when 
grown on agar or in broth, even in the absence of penicillin. Although the 
genetic nature of this mutant was not determined, there appears to be good 
potential for use of this type of organism in studies of cell wall related 
cellular activities. 
The data presented in this thesis strongly suggest that normal produc­
tion and secretion of the extracellular enzyme CC-amylase by B^. subtilis is 
cell wall dependent. The function of the cell wall (which is yet to be 
determined) can at least partially be replaced by a rigid physical environ­
ment (such as agar) around the otherwise wall-less bacteria. 
The broth dividing L forms of B. subtilis did not secrete amylase dur­
ing growth but rather released, by cellular lysis, intracellular anylase. 
Normal B^. subtilis did not produce detectable intracellular amylase and did 
not display cellular lysis during amylase production. Amylase produced by 
bacillary cells had a molecular weight of 70,000 while amylase released 
from broth dividing L forms had a molecular weight of 96,000. 
50 
LITERATURE CITED 
Arima, B. K., A. Kakinuma and G. Tamura. 1968. Crystalline peptide-lipid 
surfactin produced by B_. subtilis. Isolation, characterization and 
its inhibition of fibrin clot formation. Biochem. Biophys. Res. 
Commun. 31:488-498. 
Basserman, J., L. Carrere, R. Fasquelle, P. Hauduroy, E. Klieneberger-Nobel 
G. Penso, J. Roux, and Z. M. Tuncman. 1957. "L forms" of bacteria. 
Nature (London) 179:461-462. 
Bettinger, G. E. and J. 0. Lampen. 1971. Evidence for the extrusion of an 
incompletely folded form of penicillinase during secretion by proto­
plasts of Bacillus licheniformls 749/C. Biochem. Biophys. Res. Commun 
43:200-206. 
Bond, E. C. 1969. Gene activity following cell wall removal in the wild 
type and in a mutant capable of growth in liquid media in the L form. 
Ph.D. thesis. Dept. of Biology, Georgetown University. 
Boylan, R. J. and N. H. Mendelson. 1969. Initial characterization of a 
temperature-sensitive rod- mutant of Bacillus subtilis. J. Bacterid. 
100:1316-1321. 
Brenner, S. and G. S. Stent. 1955. Bacteriophage growth in protoplasts of 
Bacillus megaterium. Biochem. Biophys. Acta 17:473-475. 
Brenner, S., F. A. Dark, P. Gerhardt, M. H. Jeynec, 0. Kandler, E. Kellen-
berger, E. Klieneberger-Nobel, K. McQuillen, M. Rubio-Heurtas, M. R. J 
Salton, R. E. Strange, J. Tomcsik and C. Weibull. 1958. Bacterial 
protoplasts. Nature (London) 181:1713-1715. 
Brown, T. McP.and T. C. Kunemaker. 1942. Rat bite fever. Bull. Johns 
Hopkins Hosp. 70:201-327. 
Burmeister, H. R. and C. W. Hesseltine. 1968. Induction and propagation 
of a Bacillus subtilis L form in natural and synthetic media. J. 
Bacteriol. 95:1857-1861. 
Burton, K. 1956. A study of the conditions and mechanism of diphenylamine 
reaction for the colorimetric estimation of deoxyribonucleic acid. 
Biochem. J. 62:315-327. 
Cole, R. M., T. J. Popkln, R. J. Boylan and N. H. Mendelson. 1970. Ultra-
structure of a temperature-sensitive Rod" mutant of B^. subtilis. J. 
Bacteriol. 103:793-810. 
Coleman, G. and A. H. Elliot. 1962. Studies on oc-amylase formation by 
Bacillus subtilis. J. Biochem. 83:256-263. 
51 
Coleman, G. 1967- Studies on the regulation of extracellular enzyme forma­
tion by Bacillus subtilis. J. Gen. Microbiol. 49:421-431. 
Davis, B. D. 1952. Biosynthetic interrelations of lysine, DAP and threo­
nine in mutants of E. coli. Nature (London) 169:534-536. 
Dienes, L. 1939a. "L" organisms of Klieneberger and Streptobacillus 
moniliformis. J. Infec. Dis. 65:25-42. 
Dienes, L. 1939b. L type variant forms in cultures of various bacteria. 
Proc. Soc. Exp. Biol. Med. 42:636-640. 
Dienes, L. and H. J. Weinberger. 1951. The L-forms of bacteria. 
Bacteriol. Rev. 15:245-288. 
Duerksen, J. D. 1964. Localization of the site of fixation of the inducer, 
penicillin, in Bacillus cereus. Biochem. Biophys. Acta 87:123-140. 
Ephrati-Elizur, E. 1965. Development of competence for transformation 
experiments in an overnight culture of germinating spores of Bacillus 
subtilis. J. Bacteriol. 90:550-551. 
Fitz-James, P. 1964. Fate of the mesosomes of Bacillus megaterium during 
protoplasting. J. Bacteriol. 87:1483-1491. 
Freimer, E. H., R. M. Krause and M. McCarty. 1959. Studies of L forms and 
protoplasts of Group A streptococci. I. Isolation, growth, and bac­
tériologie characteristics. J. Exp. Med. 110:853-874. 
Fukumoto, J., T. Yamamoto and D. Tsuru. 1957. Amylase formation and car­
bon source metabolism of Bacillus subtilis, p. 366-369. In Intl. 
Union Biochem. Vol. 2. Pergamon Press, New York. 
Ghosh, B. K., M. G. Sargent and J. 0. Lampen. 1968. Morphological phenom­
ena associated with penicillinase induction and secretion in Bacillus 
licheniformis. J. Bacteriol. 96:1314-1328. 
Hammel, J. M. and L. N. Zimmerman. 1966. The dependence of proteinase 
biosynthesis on the cell wall in Streptococcus faecalis var. lique-
faciens. Biochem. Biophys. Acta 129:613-617. 
Hill, L. R. 1966. An index to deoxyribonucleic acid base compositions of 
bacterial species. J. Gen. Microbiol. 44:419-437. 
Izaki, K., M. Matsuhashi and J. L. Strominger. 1966. Glycopeptide trans­
peptidase and D-alanine carboxypeptidase: penicillin-sensitive enzy­
matic reactions. Proc. Nat. Acad. Sci. U.S. 55:656-663. 
Kawakami, M. and 0. E. Landman. 1966. Retention of episomes during proto­
plasting and during propagation in the L state. J. Bacteriol. 92:398-
404. 
52 
Kellenberger, E. J., J. Sechaud and A. Ryter. 1958. Electron microscope 
study of DNA-containing plasmids. II. Vegetative and mature phage 
DNÂ as compared with normal bacterial nucleoids in different physio­
logical states. J. Biophys. Biochem. Cytol. 4:671-678. 
Kinoshita, S., H. Okada and G. Terui. 1968. On the nature of the (Xramyl­
ase forming system in Bacillus subtilis. J. Ferm. Technol. 46:427-436. 
Klieneberger, E. 1935. The natural occurrence of pleuropneumonia-like 
organisms in the apparent symbiosis with Streptobacillus moniliformis 
and other bacteria. J. Pathol. Bacterid. 40:93-105. 
Klieneberger-Nobel, E. 1949. Origin, development, and significance of L-
forms in bacterial cultures. J. Gen. Microbiol. 3:434-443. 
Landman, 0. E. and S, Spiegelman. 1955. Enzyme formation in protoplasts 
of Bacillus megaterium. Proc. Nat. Acad. Sci. U.S. 41:698-704. 
Landman, 0. E., R. A. Altenberg and H. S. Ginoza. 1958. Quantitative con­
version of cell and protoplasts of Proteus mirabilis and Escherichia 
coli to the L-form. J. Bacteriol. 75:567-576. 
Landman, 0. E. and S. Halle. 1963. Enzymically and physically induced 
inheritance changes in Bacillus subtilis. J. Mol. Biol. 7:721-738. 
Lampen, J. 0. 1965. Secretion of enzymes by microorganisms. Symp. Soc. 
Gen. Microbiol. 15:115-132. 
Lampen, J. 0. 1967. Release of penicillinase by Bacillus licheniformis. 
J. Gen. Microbiol. 48:261-268. 
Lederberg, J. 1956. Bacterial protoplasts induced by penicillin. Proc. 
Nat. Acad. Sci. U.S. 42:547-577. 
Lederberg, J. and J. St. Clair. 1958. Protoplasts and L-type growth of 
Escherichia coli. J. Bacteriol. 75:143-160. 
Lovett, P. S. and F. E. Young. 1969. Identification of Bacillus subtilis 
NRRL B-3275 as a strain of Bacillus pumilus. J. Bacteriol. 100:658-
661. 
Mamose, H. 1961. Studies on mutants of Bacillus subtilis requiring 
D-glutamic acid. I. Isolation of mutants. J. Gen. Appl. Microbiol. 
7:359-364. 
Marmur, J. 1961. A procedure for the isolation of deoxyribonucleic acid 
from micro-organisms. J. Mol. Biol. 3:208-218. 
May, B. K. and A. H. Elliot. 1968. Selective inhibition of extracellular 
enzyme synthesis by removal of cell wall from Bacillus subtilis. 
Biochem. Biophys. Acta 166:532-537. 
53 
May, B. K. and A. H. Elliot. 1969. Synthesis of surface-active peptide by 
Bacillus subtilis and a speculative hypothesis in its possible role in 
the excretion of the polypeptide chains of extracellular enzymes. 
Proc. Aust. Biochem. Soc. 13:27. 
May, B. K. and W. H. Elliot. 1970. Synthesis and properties of a proto-
plast-bursting factor from Bacillus amyloliquifaciens. Biochem. 
Biophys. Res. Commun. 41:199-205. 
McQuillen, K. 1955a. Bacterial protoplasts. I. Protein and nucleic acid 
metabolism in protoplasts of Bacillus megaterium. Biochem. Biophys. 
Acta 17:382-390. 
McQuillen, K. 1955b. Protein, nucleic acid, and adaptive enzyme formation 
in protoplasts of Bacillus megaterium. J. Gen. Microbiol. 13:iv P. 
McQuillen, K. 1956. Capabilities of bacterial protoplasts. Symp. Soc. 
Gen. Microbiol. 6:127-149. 
McQuillen, K. 1957. Bacterial "protoplasts". Effects of diaminopimelic 
acid deprival and penicillin addition compared in E. coli. Biochem. 
Biophys. Acta 27:410-411. 
Miller, I. L., R. M. Zsigray and 0. E. Landman. 1967. The formation of 
protoplasts and quasi-spheroplasts in normal and chloramphenicol-pre-
treated Bacillus subtilis. J. Gen. Microbiol. 49:513-525. 
Nelson, N. 1944. A photometric adaption of the Smogyi method for the 
determination of glucose. J. Biol. Chem. 153:375-380. 
Nomura, M., B. Maruo and S. Akabori. 1956. Formation of amylase in a cell-
free enzyme preparation. J. Biochem. 43:251-253. 
Nomura, M., J. Hosoda and H. Yoshikawa. 1958. Studies on amylase forma­
tion by Bacillus subtilis. VI. The mechanism of amylase excretion 
and cellular structure of Bacillus subtilis. J. Biochem. 45:737-744. 
Nomura, M., B. Maruo and S. Akabori. 1959, Studies on amylase formation 
by Bacillus subtilis. I. Effect of high concentrations of polyethyl­
ene glycol on amylase formation by Bacillus subtilis. J. Biochem. 43: 
143-152. 
Gishi, M., H. Takahashi and B. Maruo. 1963. Intracellular cC-amylase in 
Bacillus subtilis. J. Bacteriol. 85:246-247. 
Pollock, M. R. 1961a. The measurement of the liberation of penicillinase 
from Bacillus subtilis. J. Gen. Microbiol. 26:239-253. 
Pollock, M. R. 1961b. The mechanism of liberation of penicillinase from 
Bacillus subtilis. J. Gen. Microbiol. 26:267-276. 
54 
Pollock, M. R. 1963. Exoenzymes, P. 121. In I. C. Gunsalus and R. Y. 
Stanier (ed.). The bacteria. Vol. IV. Academic Press Inc., New York. 
Robyt, J. F. and W. J. Whelan. 1968. The cX-amylases, p. 430-473. ^ 
J. A. Radley (ed.). Starch and its derivatives. 4th ed. Chapman and 
Hall Ltd., London, England. 
Rogers, H. J. and M. McConnell. 1970. The role of L-glutamine in the 
phenotypic change of a rod mutant derived from Bacillus subtilis 168. 
J. Gen. Microbiol. 61:173-181. 
Rogers, H. J., M. McConnell and I. D. J. Burdett. 1968. Cell wall or mem­
brane mutants of Bacillus subtilis and Bacillus licheniformts with 
grossly deformed morphology. Science 219:285-288. 
Rogers, H. J. 1970. Bacterial growth and the cell envelope. Bacterid. 
Rev. 34:194-214. 
Rogers, H. J., M. McConnell and I. D. J. Burdett. 1970. The isolation and 
characterization of mutants of Bacillus subtilis and Bacillus licheni-
formis with disturbed morphology and cell division. J. Gen. Microbiol. 
61:155-171. 
Rogers, H. J., M. McConnell and R. C. Hughes. 1971. The chemistry of the 
cell wall of rod mutants of Bacillus subtilis. J. Gen. Microbiol. 66: 
297-308. 
Ryter, A. and 0. E. Landman. 1964. Electron microscope study of the rela­
tionship between mesosome loss and the stable L state (or protoplast 
state) in Bacillus subtilis. J. Bacteriol. 88:457-467. 
Salton, M. R. J. and K. McQuillen. 1955. Bacterial protoplasts. II. 
Bacteriophage multiplication in protoplasts of sensitive and lysogenic 
strains of Bacillus megaterium. Biochem. Biophys. Acta 17:465-472. 
Salton, M. R. J. and J. M. Ghuysen. 1960. Acetylhexosamine compounds 
enzymically released from Micrococcus lysodeikticus cell walls. III. 
The structure of di- and tetra-saccharides released from cell walls by 
lysozyme and Streptomyces enzyme. Biochem. Biophys. Acta 45:355-
363. 
Sargent, M. G., B. K. Ghosh and J. 0. Lampen. 1968. Localization of cell-
bound penicillinase in Bacillus licheniformis. J. Bacteriol. 96:1329-
1338. 
Sargent, M. G., B. K. Ghosh and J. 0. Lampen. 1969. Characteristics of 
penicillinase secretion by growing cells and protoplasts of Bacillus 
licheniformis. J. Bacteriol. 97:820-826. 
55 
Sargent, M. G. and J. 0. Lampen. 1970,. A mechanism for penicillinase 
secretion in Bacillus licheniformis. Proc. Nat. Acad. Sci. U.S. 65: 
962-969. 
Spizizen, J. 1958. Transformation of biochemically deficient strains of 
2.' subtilis by deoxyribonucleate. Proc. Nat. Acad. Sci. U.S. 44:1072-
1078. 
Stark, E., R. Wellerson, Jr., P. A. Tetrault and C. R. Kossack. 1953. 
Bacterial cC~amylase paper disc tests on starch agar. Appl. Microbiol. 
1:236-243. 
Truffa-Bachi, P. and G. N. Cohen. 1968. Some aspects of Amino acid bio­
synthesis in microorganisms, p. 79-108. In Paul D. Boyer (ed.). 
Annual Review of Biochemistry. Vol. 37. Annual Reviews, Inc., Palo 
Alto, California. 
Weibull, C. 1953. The isolation of protoplasts from Bacillus megaterium 
by controlled treatment with lysozyme. J. Bacteriol. 66:688-695. 
Weill, C. E. and P. Hanke. 1962. Thin-layer chromatography of malto-
oligosaccharides. Anal. Chem. 34:1736-1737. 
Yoshikawa, H. 1965. DNA synthesis during germination of spores of 
Bacillus subtilis. Proc. Nat. Acad. Sci. U.S. 53:1476-1483. 
Young, F. E., P. Haywood and M. Pollock. 1970. Isolation of L-forms of 
Bacillus subtilis which grow in liquid media. J. Bacteriol. 102:867-
870. 
56 
ACKNOWLEDGMENTS 
I would like to extend my sincere appreciation to Dr. Paul A. Hartman 
for his guidance and support through the course of this research project as 
well as the writing of this thesis. Working under his supervision has been 
a stimulating and rewarding experience. 
Thanks are extended to Terry Frey, for his assistance in performing the 
DMA analysis experiments, and Hal Turner, for his electron microscopy work. 
The technical assistance of Phil Hartman and Judy Weber was very much appre­
ciated. 
Special thanks are extended to my wife for her enduring patience 
through the course of my graduate education. 
This investigation was supported by the Iowa Agricultural and Home 
Economics Experiment Station, Ames, Iowa. Projects No. 1348 and 1485 and 
by research grant 12-14-100-9887 from the Agricultural Research Service, 
U.S. Department of Agriculture. 
57 
ADDENDUM 
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INTRODUCTION 
During the course of this thesis research, an interesting phenomenon 
was observed. L form cultures derived from Bacillus subtilis strains K and 
168, upon incubation under certain conditions, converted to a stable, heavy 
walled coccus. This rod-to-coccus conversion could be obtained repeatedly; 
that is, the L form of B. subtilis could be made to convert to a coccus 
morphology by incubation of the L forms in a specific environment. 
The objects of this addendum are to describe the round form and pre­
sent data that I have accumulated concerning some of its physiological 
characteristics. 
LITERATURE SURVEY 
Rogers, McConnell, and Burdett (1968) reported on the isolation of 
unusual mutants of B^. subtilis. These mutants grew as normal rods in 0.8 M 
NaCl but grew as cocci in normal media. They designated these mutants of 
S.' subtilis as rod mutants. These mutants were also unusual because they 
possessed abnormally thick cell walls when thin sections were viewed under 
the electron microscope (Rogers et al., 1968). Further studies of these 
rod mutants (Rogers, McConnell, and Burdett, 1970) showed that they exhib­
ited gross distortions in their cell membrane and cell wall when grown with­
out osmotic stabilization. Rogers and McConnell (1970) found that one 
mutant, B. subtilis rod-4. grew as normal bacillus when L-glutamic acid was 
present in the culture medium but assumed a coccus-like morphology when 
grown in the absence of added L-glutamate. Rogers et al. (1970) reported 
that all the rod mutants isolated would revert to the parent morphology 
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although at quite different rates. The physiological characteristics of the 
mutants and the parents were, in most cases, identical. 
In a recent paper, Rogers, McConnell, and Hughes (1971) described stud­
ies of the cell wall of a rod mutant. The mucopeptide of mutant rod-4 had 
very little cross linking when grown under conditions that led to the round 
form; this also applied, however, to the mucopeptide of the parent when 
grown under the same conditions. Thus the studies on cell wall composition 
of the rod mutants did not provide obvious evidence of expression of the 
genetic lesion. 
Boylan and Mendelson (1969) isolated a rod mutant of B. subtilis 168 
which was temperature sensitive. This mutant grew as a rod at the permis­
sive temperature yet formed grape-like clusters of cocci at the restrictive 
temperature. Conversion of rod to spheres or reversion of spheres to rods 
occurred when a log phase culture growing at either the permissive or 
restrictive temperature was shifted to the alternate temperature. Cole 
et al. (1970) performed ultrastructure analysis of this temperature sensi­
tive mutant; the cell wall ultrastructure was altered by the conditional 
(temperature sensitive) mutation. These workers also reported that this 
mutant cocus could be transfered to another strain of jB. subtilis by trans­
formation experiments. 
MATERIALS AND METHODS 
Bacterial Strains 
The bacteria used in this study were Bacillus subtilis K D-glut". B^. 
subtilis 168 LQ, and a stable L form derived from B^. subtilis 168 LQ. 
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Round forms (R forms), strain numbers 1 and 3, derived from the stable L 
form of B^. subtilis 168 LQ. 
Conversion of L Forms to Round Forms 
R forms were first noted when attempting to make L forms from proto­
plasts of the D-glutamic acid mutant of subtilis K. The protoplasts 
were placed in synthetic broth osmotically buffered with 0.5 M sucrose. 
Some of the protoplasts began to divide as L forms because there was no 
D-glutamic acid in the medium. After one or two days of incubation, all of 
the L forms had converted to what at first looked like a Staphylococcus sp. 
The experiment was repeated several times, but this system was not predict­
able because the D-glut" mutant was unstable and reverted at a high rate to 
the wild type. Thus, many times the protoplasts reverted to the bacillary 
form instead of growing as L forms or converting to the coccoid R form. 
A much better system, and the one that is being used now, utilizes the 
stable L forms that were derived from B^. subtilis 168 LQ. R forms are made 
by inoculating a Fernbach flask containing 500 ml of antibiotic broth #3 
(Difco) supplemented with 3% NaCl (3%3 broth) with a broth or agar culture 
of L forms. The L forms will grow and divide for about six days. Then, 
within 48 hours, all of the L forms will convert to R forms. 
Storage of R Forms 
The R forms were kept on Shaeffer's sporulation agar (Yoshikawa, 1965) 
which was supplemented with 0.15% yeast extract (Difco). The cultures were 
incubated for one week at 37 C and then stored at 4 C. 
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Storage of L Forms 
L forms were kept viable by transferring them on T agar containing 
2,000 U/ml penicillin. The L forms were transferred every four days and 
incubated at 37 C. 
Media Used for Physiological Tests 
Unless otherwise stated, all media were autoclave sterilized in the 
autoclave at 121 C for 15 minutes. 
General growth media 
All growth media used to cultivate or test the R forms contained at 
least 0.15% yeast extract (Difco); growth of the round forms in the absence 
of yeast extract was very poor. 
0 F medium 
0 F basal medium (Difco) was used to determine if acid from glucose 
was produced oxidatively or fermentatively. To 100 ml of sterile 0 F basal 
medium was added 10 ml of a filter-sterilized 10% dextrose solution. Two 
tubes were inoculated with each organism by stabbing with a fresh inoculum 
from each culture. The surface of one tube was covered with sterile paraf­
fin. 
DNAse production 
To detect DNAse production, all cultures were grown on DNAse test 
medium (Difco) supplemented with 0.15% yeast extract. After good growth 
was evident, the plates were flooded with 1 N HCl. Production of extracel­
lular DNAse was indicated by a zone of clearing around the colony. 
62 
Amylase production 
Amylase was detected by growing cultures on nutrient agar plates sup­
plemented with 0.2% starch and 0.15% yeast extract. After good growth 
developed, the plates were flooded with an aqueous iodine solution. A 
clear area around the inoculum was an indication of starch hydrolysis. 
Staphylococcus selective medium 
Tellurine Glycine agar and mannitol salt agar were both prepared and 
used according to the directions suggested by Difco. 0.15% yeast extract 
had to be added to the mannitol salt agar. 
Gelatinase production 
To determine the production of gelatinase, 0.4% gelatin (Difco) was 
added to antibiotic medium #3 agar. Gelatin hydrolysis was detected by 
flooding the plate with a solution containing 15% HgClg and 20% HCl. Gela­
tinase production was indicated by a clear zone around the area of growth. 
Isolation of DNA for Spectrophotometric Analysis 
To isolate DNA from B^. subtilis K and 168 LQ, the cells were grown to 
early stationary phase in Fernbach flasks containing 1000 ml of synthetic 
broth and antibiotic medium #3 broth, respectively. DNA was purified by a 
modification of the Marmur (1961) procedure. The organisms were lysed with 
sodium lauryl sulfate at 60 G. This was followed by five deproteinizations 
with chloroform isoamyl alcohol and treatment with RNAse. Nucleic acids 
were precipitated with two volumes of cold 95% ethyl alcohol. 
To isolate DNA from L forms of B^. subtilis 168 LQ, the cells were 
grown to stationary phase in T broth containing 3% NaCl and 2,000 U/ml peni­
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cillin. It was not necessary to use lysozyme step with the L forms because 
the addition of sodium lauryl sulfate completely lysed the cells. 
To isolate DNA from R forms, the cocci were grown to early stationary 
phase in antibiotic medium #3. After the cells were centrifuged and 
washed, they were suspended in 30 ml of sterile deionized water. One mg/ml 
of lysozyme (Sigma) was added, and the mixture was allowed to incubate at 
37 C for 16 hours. At the end of this incubation period with the lysozyme, 
30 ml of a 2X saline EDTA solution (.3 NaCl; 0.2 M EDTA; and the pH 
adjusted to 8.0 with 6 N HCl) was added to the cell suspension just prior 
to the actual lysing with the sodium lauryl sulfate. This modification of 
the Marmur (1961) procedure was necessary because the round form cell walls 
were resistant to degradation by lysozyme in the presence of the saline-EDTA 
solution. 
Spectral measurements of the DNA were taken with a multiple sample 
absorbance recorder (Model 2000, Gilford Inst. Sabs. Inc., Oberlin, Ohio) 
connected to a Beckman DU colorimeter. Temperature was regulated manually 
with a Haake Ultrathermostat (Poly Science Corp., Evanston, 111.) and 
recorded through a platinum thermosensor located under the cuvette carriage. 
Transformation Experiments 
The DNA used for the transformation experiments was isolated from the 
R forms, L forms, and bacillary cells in the same manner as is described 
under "Isolation of DNA for spectrophotometric analysis" except for the 
following modifications; The DNA was deproteinized only twice, and after 
the first deproteinization and spooling, the DNA was dissolved in a minimum 
volumn of SSC. The DNA-SSC solution was treated with pronase (Calbiochem, 
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Los Angeles, Calif.) at a final concentration of 1 mg/ml for two hours at 
37 C; the pronase was heated before use at 80 C for ten minutes to inacti­
vate any nucleases that might be present in the pronase preparation. Fol­
lowing the second deproteinization and spooling, the DNÂ was dissolved in a 
minimum volume of SSC. The final concentration of DNA was determined by 
the Burton modification of the diphenylamine assay (Burton, 1956). 
The method for bringing recipient cells to maximum competence was that 
of Ephrati-Elizur (1965). Approximately 1 x 10^ spores of the recipient 
culture were inoculated into a 250-ml Erlenmeyer flask containing 10 ml of 
minimal medium (Spizizen, 1958) supplemented with 20 ug/ml of the required 
amino acids and 0.01% yeast extract. After incubation on a rotary shaker 
for 16 hours at 37 C, the culture was diluted 1:10 into fresh medium and 
was incubated for an additional two hours. Donor DNA was added to a con­
centration of 0.1 ug/ml. The culture was shaken for one hour at 37 C on a 
wrist-action shaker, and appropriate dilutions were plated on minimal agar. 
Electron Microscopy 
5.* subtilis K was grown to exponential growth phase at 37 C on a 
rotary shaker at 37 C in synthetic broth (Mamose, 1961). R forms from L 
forms of B. subtilis K and B^. subtilis 168 LQ were grown to exponential 
growth phase at 37 C on a rotary shaker in antibiotic medium #3. All cell 
preparations were fixed and stained according to the procedure of Kellen-
berger, Sechaud, and Ryter (1958). 
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RESULTS 
R forms were easily made from the stable L form of B. subtilis 168 LQ. 
When an L form culture was inoculated into 3%3 broth, growth proceeded until 
a turbid culture of L forms developed. Once substantial turbidity had 
developed (after five to seven days), the L forms all converted to R forms 
within 48 hours. This conversion also took place in T broth containing 
2,000 U/ml penicillin. In T broth, however, the conversion did not take 
place until the L form culture was 12 to 15 days old; even longer periods 
were necessary if additional penicillin was added to the culture period­
ically. The conversion of L forms to R forms has not been observed to 
occur on solid medium whether it be T agar or antibiotic agar #3. Further­
more, no cocci could ever be recovered from direct inocula into broth of 
aliquots of the L form inocula used in some of the conversion experiments. 
The experiment that greatly stimulated our interest and involvement in 
the R forms was the DNA analysis. Table 1 summarizes the percent guanine-
cytocine data that has been accumulated. It is obvious that the R forms 
have quite a different percent GC than the parent bacilli. The data in the 
table also show that the L-form DNA had a percent G-C much closer to the 
parent bacillus than to the R form. Dr. M. Mandel kindly performed a buoy­
ant density on the DNA from jS. subtilis K and a R form derived from an L 
form of subtilis K. He confirmed the difference in percent GC although 
his percent GC data was higher than was calculated from the T^ method. 
Dr. Mandel commented (personal communication) that it is not uncommon for 
the percent GC determined via the buoyant density method to come out higher 
than the percent GC determined by the method. 
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Table 1. DNA. analysis of Bacillus subtilis in different morphological 
states 
Strain 7.GC P* 7oGC 
K bacillary form 84.2 36.7 1.704 44 
K round form 81.2 28.9 1.694 34 
168 bacillary form 85.3 38.8 b - -
168 L form 85.8 40.1 - -
168 round form 80.3 26.7 - -
^Courtesy of Dr. M. Mande1. 
Buoyant density experiments were only performed on DNA from B^. sub­
tilis K and its round form. 
With such unusual GC data, I had to be certain that the R form was not 
simply a contaminant that was being carried along with the L form culture. 
The L forms have been streaked several times in succession; each time a 
colony was examined to be sure it had normal L colony morphology, and then 
it was restreaked. Each time a colony was restreaked, part of the same 
colony was used to inoculate a Fernbach flask containing 500 ml of 3%3 
broth. In each case, the same results were noted: The L colony grew into 
the broth, and a turbid culture of L forms developed; after about five to 
seven days, all the L forms had converted to cocci. If a colony of L forms 
was inoculated into the same broth without the NaCl, no growth developed. 
Yet the cocci that are eventually derived from the L form cultures can grow 
in antibiotic medium #3 that does not contain added NaCl. Some physiologi­
cal tests were performed on two representative R forms, R form #1 and R 
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form #3. As controls, a strain of Staphylococcus aureus and B. subtilis 
168 LQ were also tested. Table 2 is a compilation of results from these 
tests. The data in Table 2 indicate that the R forms act physiologically 
much more like B. subtilis than a Micrococcus sp. or Staphylococcus sp. 
Table 2. Physiological characteristics of S^. aureus, subtilis, round 
form #1, and round form #3 
Organism 
Test S. aureus B. subtilis RF #1 RF #3 
Morphology coccus bacillus coccus coccus 
Gram reaction + + + + 
Acid from glucose F F F F 
Amylase - + - -
Gelatinase + + + + 
DNAse + + - -
Growth on tell, glycine agar + - - -
Acid from mannitol + + - -
Growth on 30 u/ml Pen. - - + + 
Spore formation + +a? +a? 
Round form #1 and round form #3 formed spore-like structures when 
grown on sporulation agar. However, unlike B^. subtilis 168 spores, these 
structures had no heat resistance. All the spore-like structures were 
killed at 80 C. 
In an attempt to show genetic homology between subtilis 168 and a R 
form, we attempted to transform two different strains of B. subtilis 168 
with DNA isolated from R form #1. The results of these experiments are 
summarized in Table 3. As controls, DNA isolated from subtilis W23 and 
from the L form from which R form originated was also used to transform jB. 
subtilis 168. The data indicate that the recipient was competent because 
we obtained adequate transformation with the W23 and L form DNA. No trans­
formants could be obtained when R form DNA was used as the donor DNA. 
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Table 3. Transformation of B. subtilis 168 ade"leu"met~ and B^. subtllis 
attjxi-aro-
Transformants/ml 
Source of donor DNA Ade Leu Met Amy Aro 
B. subtilis W23 64 57 53 87 190 
Round form #1 0 0 0 0 0 
L form (B. subtilis 168 LO) 55 61 50 50 158 
No. revertants/ml 1 3 6 0 0 
^The DNA from round form #1, W23, and L forms had no bacterial contam­
ination. 
Electron micrographs were taken by Mr. H. Turner of subtilis K, an 
R form obtained from an L form of B. subtilis K, and an R form obtained 
from an L form of B. subtilis 168 LQ (Figure 11). The R forms appeared to 
have a thicker cell wall than the bacillus. Another interesting feature of 
the R forms from B^. subtilis K was the presence of mesosomes; these meso-
somes bore a likeness to the mesosomes observed by us in . subtilis K and 
by other investigators in many Bacillus spp. 
DISCUSSION 
To be certain the R forms were not simply contaminants, an L colony 
was restreaked several times. Each time the L colony was streaked, part of 
this colony was inoculated into 3%3 broth. Each time, the L colony grew 
into the broth with resulting good yields of L forms. Only after the L 
forms had reached the stationary phase of growth could R forms be isolated 
from the L form culture. Samples taken from the L form culture any time 
Figure 11. Sectioned forms of B. subtilis fixed and stained by the method 
of Kellenberger 
Plate 1. B. subtilis K undergoing cell division 
Plate 2. R form derived from L form of subtilis K 
Plate 3. R form derived from L form of B. subtilis 168 LQ; 
m, mesosomes; cw, cell wall; p, plasma membrane; 
s, septum; n, nucleur material. Line scales repre­
sent 0.5 u 
m 
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earlier resulted only in the isolation of L forms when the sample was 
plated on 3%3 agar or T agar. If this sample was plated onto osmotically 
unbuffered agar, no growth was found on the agar plate. This L form to R 
form conversion only occurred in broth media. Also, I have tried repeatedly 
to convert agar-growing L forms to R forms without success. The L colony 
simply remains as an L colony until the agar finally dried up. 
The percent GC data of the R forms that were examined fell very close 
to the range normally expected of staphylococcal DNA (Hill, 1966). As 
opposed to the S^. aureus control which was used in gathering the physiologi­
cal data, the R forms did not produce DNAse, ferment mannitol, or grow on 
glycine tellurite agar. Although the R forms produced spore-like struc­
tures when grown for a week on sporulation agar, these structures were not 
heat resistant as are regular subtilis spores. No cytological studies 
were conducted on the R-form "spores", but such studies would be of inter­
est. 
Some of the characteristics of the R forms which suggest that they are 
not bacilli are their inability to produce amylase, coccus morphology, and, 
of course, their percent GC. The rod mutants which have been isolated from 
bacilli by other investigators are coccus shaped organisms; however, most 
of these rod mutants could be converted back to the bacillary morphology 
(Rogers al., 1968). I never had success in reverting my coccal isolates 
to the bacillary forms. 
There is an indication that the R forms possess an unusual cell wall. 
Electron micrography showed that the coccal cell walls were thicker than 
the cell walls of B. subtilis. The coccal cell walls were susceptible to 
lysozyme only after 12-16 hours of incubation with the enzyme. However, 
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cell walls of most Staphylococcus spp. are resistant to the action of lyso-
zyme. 
The most unusual characteristic of the R forms is their low percent GC. 
There is the possibility that extended incubation of the cells with the 
lysozyme in the absence of saline EDTA buffer may have allowed some of the 
DM to become degraded by nuclease activity. However, the percent hyper-
chromicity data obtained from each T^ curve fell in the range of 33 to 35%. 
This indicated that the DNA had not been prematurely denatured. An experi­
ment that should be performed in the future is to isolate DNA from a bacil­
lus culture using the same procedure used to isolate DNA from the R forms. 
One way to show that the R form was derived from a bacillus is to show 
genetic homology between the two forms. This was attempted by trying to 
transform two different genetic strains of jB. subtilis 168 with DNA 
isolated from R form #1. However, we could never show any transformation 
using the R form DNA. On the other hand, one would not expect DNA with a 
percent GC of 26.7 to be taken up and expressed by a recipient which had a 
percent GC of 38.8. Therefore, I look upon this inability of B. subtilis 
168 to take up R form DNA as further support of the data that the R forms 
do possess DNA with an altered percent GC. 
I have seen what appears to be round forms initiating growth within 
the L forms. Therefore, another way to show that the R forms are derived 
from the bacillus L forms is to obtain photomicrographs of the actual proc­
ess. This we hope to do in the near future. 
